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INTRODUCTION 

The flar-through electrode is an electrochemical system which has received 
little attention. It is of primary interest in redox fuel cells (1, 2, 3) where 
a dissolved ionic fuel (or oxidant) is to be reacted at an electrode. In such 
a system, where liquid is circulated through the cell, it is clearly much better 
to force the fresh liquid through the electrode and take spent liquid from the 
exit side. 
and, more important, the mass transport of reactant to the electrode can be easily 
controlled. 
rely on diffusion of fuel to the electrode and, consequently, the mass transport 
problems of non flw-through electrodes can be considerably diminished. 
ly;-for fuels or oxidants such as methanol, hydrazine, nitric acid,etc., which 
can-& dissolved in high concentrations in the electrolyte, it may be desirable 
to use flar-through electrodes (4, 5,  6). 

When the processes occuring in flow-through electrodes are considered, it 
reydily becomes apparent that several parameters are of first importance. The 
concpntration of reactant and rate of flow determine the maximum current which 
can be drawn, since we cannot draw more current than the corresponding amount of 

econd. The speed of the electrochemical reaction, in the 
e current for the reaction (7), is of importance in determin- 
at a given current. In addition, the ohmic voltage gradient 

:Pershaya-aud Zaidenman (8) gave the basic mathematical form of the process. 

The electrode then acts as a separator between fresh and spent liquid 

By forcing electrolyte through the electrode, we no longer have to 

Similar- 

in the electrolyte in the pores of the electrode also affects the polarization. 

Eweveri  they solved the equation only for low current density, lov polarization 
conditions, where the approximation exp(cbrpt)/RT) = 1 + QlnPt)/RT applies. 
analysis we have found that this can only rarely be applied. - z%?e explains reasonably well the whole current-voltage range of their experimental 
results, and also explains the experimental results of Bond and Singman (9). 
ewer, +&e assumptions- made in the theory are not generally valid and the breakdown 
of the theory is demonstrated and discussed. 
PHRIGBL spsm mE4m AND A S S ~ O I S S  

ImoLm. 

uitb reactant dissolved -in electrolyte flaring into the left hand face; unreacted 
reactant and dissolved product flow out of the right hand face (see Figure 1). 
The reaction could be a simple redox reaction such as Fe2+ ~1 Fe- + e in acid 
solution. 
the cell by (d) flwing from the anode to the cathode. 
are made. (i) The flow is uniform through the electrode. This is very nearly 
true for a mall exper-ntal electrode, but it may not be so for a large electrode. 
(ii) 
good approximation for properly constructed electrodes of metal or carbon. 
The reaction at the external faces of the electrode is small compared to the total 
reaction. The external faces can be considered as extensions of the internal area 
and the assrmptionwould only be false in the limit where the internal area became 

In our 
The treatment we 

How- 

e physical system studied consists of a uniform, porous, plane electrode 

In a redox cell employing a separator the circuit is completed within 
The following assumptions 

Ohmic loss in the material of the electrode is negligible. This will be a 
(iii) 

I 

1 

. 
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small. (iv) The pores of the electrode are small in radius compared to their 
length, so that negligible concentration gradients exist across the radius of the 
pore. In other words, the pore radius is so small that radial diffusion is rapid 
enough to maintain uniform concentration across the pore radius; the only concen- 
tration changes will be linear along the axis of the pore. With this assumption, 
the variation of laminar flow rate across the pore radius is of no consequence. 
This assumption is discussed later in more detail. (v) The porous electrode has 
its pores so well interlinked that it can be considered to act as a homogenous 
system, with variation of conditions at a given penetration applying only over 
small regions. Electrodes must be constructed so that no major cracks or pinholes 
exist. (vi) The flow rate is great enough that axial mass transfer of reactant 
and product by diffusion and ionic migration is negligible compared to mass trans- 
fer by the bulk flow. It should be noted that the current must be supported by 
ionic migration and, therefore, this assumption may not always be valid. It will 
be a good approximation, however, when the concentration of supporting electro- 
lyte is high, e.g. a strongly acid solution is used. In this case we can also 
assume that the specific conductivity of the electrolyte remains constant. 
The streaming potential is small compared to other effects, which will be true 
when strong electrolytes are used. 

the pore surface is a simple reaction with the rate form (7) 

(vii) 

A less easily justified assumption is that the electrochemical reaction at 

i = i0[(R/Ri)eqjb - (P/Pi)e-?lb] (1) 
Ri, Pi are the entering concentrations (assumed equivalent to activities) of the 
reactant and product; i, io refer to unit area of the pore surface, (see list of 
nomenclature). Equation 1 may apply to simple redox reactions, but one would 
expect, for example, dissolved methyl alcohol fuel to have a more complex form. 
At open circuit conditions, with no current flow, R and P are constant though the 
electrode and equal to Ri and Pi, and they determine the theoretical potential. 
However, if the basic exchange current is small then impurities in the feed may 
give rise to leakage current and a mixed potential may be obtained. A sufficient 
rate of flow will prevent diffusion of a disturbing material from the other elect 
rode, but any impurities in the feed are being constantly replaced. Thus, very 
low current density measurements and open circuit potentials may not correspond 
to ideal values. 

THEORY 
Consider unit face area of the electrode. Let the velocity of flow through 

the electrode be v, cm3 per sq cm of face per second. 
Figure 1. The amount of reactant flowing in per second is Rv and the amount flow- 
ing out is [R + (dR/dx)dx]v. 
second, is given by 

Consider element dx in 

The amount of R reacted to P in the element, per 

di/nF = io[ (R/Ri)eqlb - (P/Pi)e-?lb] (S/nF)dx (2) 

n is the total number of electrons involved for each complete reaction; S is the 
reacting area per unit volume of electrode. At steady state, therefore, 

Rv -[R + (dR/dx)dx]v = (ioS/nF)[ (R/Ri)eT)jb - (P/Pi)e-qlb]dx 
or 

-dR/dx = (ioS/vnF)[ (R/Ri)eq'b - (P/Pi)e-q/b] ( 3) 

Also, at steady state, Ri + Pi = R + P, therefore 
-a/& = (ioS/v~)[~(e9/b ( Ri +e Pi - (Ri P + Pi),-q/bl ( 4 )  

If the specific resistance of the electrolyte fs p ' ,  the porosity of the electrode 
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E and t h e  to r tuos i ty  f a c t o r  q (10) then, by Ohm's l a w ,  

(p 'q/E)i  = dq/dx 

o r  

where p i s  understood t o  inc lude  t h e  porosi ty  and to r tuos i ty  f a c t o r s .  

i = ( l / p )  dq/dx (5)  

The complete s o l u t i o n  t o  t h e  problem is given by the  s o l u t i o n  of equat ions 
4 and 5 .  W e  could not,  however, ob ta in  an a n a l y t i c a l  so lu t ion .  Computed r e s u l t s  
a r e  presented l a t e r ,  but  i t  i s  informative t o  consider a l imi t ing  condi t ion which 
has an ana ly t i ca l  so lu t ion .  The l imi t ing  condi t ion is  t h a t  t he  ohmic drop wi th in  
the  e l e c t r o l y t e  i n  the  pores i s  n e g l i g i b l e .  
considered as a dis turbance of t h i s  l imi t ing  condition; 

The e f f e c t  of ohmic drop can be 

CASE 1. Ohmic  E f fec t s  Neglected 

Neglecting ohmic drop and working with equat ion 4 only, w e  can sepa ra t e  
and i n t e g r a t e  from x = 0, R = R i  t o  x = x, R = R, 

( 6 )  
When x = L, the thickness of t h e  electrode,  R = R f ,  the  f i n a l  concentrat ion of 
r e a c t a n t  issuing from the  r i g h t  hand face  of t he  electrode.  The c u r r e n t  per  sq cm 
of e l ec t rode  i s  

i = nFv(Ri - R f )  ( 7 )  
The l i m i t i n g  current  dens i ty  i s  c l e a r l y  given by 

iL = nFvRi 

Thus 

i / i L  = 1 - R f / R i  = degree of conversion ( 8 )  

To g e t  t he  r e l a t i o n  between c u r r e n t  and p o l a r i z a t i o n  w e  have t o  s u b s t i t u t e  f o r  R f  
i n  equat ion 6 using equat ion 8 ,  a s  follows 

(LioS/vnF) ( (eqlb/Ri)  + (e-q/b/P i )  ) 

= ln(ei-iib-e-q/'~) - Ini (Rf / R i ) e ~ l ~ ~ - ( R i / p i ) e - ~ i ~ - e - ~ l ~ ~  + (R f / ~ i )  e-lli'] 

For a lgeb ra i c  convenience l e t  y = Ri/Pi, Q = eqlb -e-q/b, then 

(LioS /vnFRi) (eqIb + ye-?/b) 

= In Q - ln[(Rf/Ri)(eq/b + e-qlb) - (1 + y)e -q Ib ]  

Again, f o r  a lgebraic  convenience l e t  eq/b + ye-?/b = f ,  then 

e-(LioS/iL)f Q = (Rf/Ri)f - (1 + y)e-l?jb 

o r  i / i L  = 1 - R f / R i  = (f  - Qe-(Lsio/i,)f - (1 + y ) e m I b ) / f  

= (eq/b + ye-q/b - e-q/b - ye-q/b - qe-(LSio/iL)f 1 If 
o r  i/iL = Q (1 - e - (LS io / iL ) f ) / f  (9) 
This i s  t h e  equation r e l a t i n g  cu r ren t  t o  po la r i za t ion  and i t  includes the  para-  
meters of io, s, L, v, R i ,  Pi. 

cu r ren t  case where q + 0. 
Using 

Two l imi t ing  cases  can be considered. 

= 1 + q / b  when q/b i s  small ,  

F i r s t l y ,  l e t  us consider t h e  low 

I 

' I  

' I  

' I  
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When LSio/iL is s m a l l ,  t h a t  is, i t  i s  a reac t ion  with a r e l a t i v e l y  low exchange 
current, 

i/iL = 2(LSio/iL) (q/b) (10) 

This is the required l o g i c a l  r e s u l t  since, as  b = RT/m1F, 01 - 1 / 2  (nl i s  the  
e l e c t r o n  t r a n s f e r  i n  t h e  r a t e  cont ro l l ing  s tep) ,  

i = (LSio)nlPq/RT . 
On the o ther  hand, i f  LSio/iL is  large,  then 

i/iL = q / f  

= (esl/b - e q/b)  / ( e q l b  + ye-q /b) .  

Rearranging 

q = (2.3RT/nF) log[ ( 1  + y i / i L ) ]  (11) 
(1 - i / i L  ) 

This is again the  expected r e s u l t :  
za t ion  (see re ference  7, p .  15, where the above r e s u l t  can be obtained from equat ion 
26a by s e t t i n g  i /I = 0 ) .  

approximation t o  hold) e-q/b can be  neglected compared t o  eqIb and 

i t  corresponds t o  pure concent ra t ion  p o l a r i -  

A t  l a rge  values  of q ( t h e  la rger  is y the la rger  q must be f o r  t h e  following 

i/iL = 1 - e - ( ~ ~ i o / i L )  eq/b (12) 

As necessary, as q /b  becomes large,  i/i, + 1. 
q for  var ious values  of exchange cur ren t .  
s i b l e  it i s  convenienl  to p l o t  i n  the  form i/iL versus q/b,  w i t h  ro/iL as the  
var iab le  parameter. 

Figure 2 shows t h e  form of i versus  
To make t h e  curves as  genera l  as  pos- 

io i s  defined by 

(13) 
- 
io = ioSL . 

For small values  of To/iL, the  e lec t rode  is  highly polar ized and the  f a c t o r  
y(=Ri/Pi) does not a f f e c t  t h e  r e s u l t .  
d e n s i t i e s  w e l l  below t h e  l i m i t i n g  c u r r e n t .  
12, s ince  when i/iL is less than 0.1, the exponential term is  near  1 and 

A Tafel  region is observed a t  cur ren t  
This can be predic ted  from equat ion 

i/iL 2 (To/iL) eq'b 

q 2 (2.3RT/mlF) log( i /xo)  ( 1 2 4  

CASE 2. Ohmic E f f e c t s  Included 

From equat ion 5 we have 

d i /dx  = ( l / p )  d2q/dx2 . 
From equat ion 7 we have 

di /dx =wnF dR/dx . 
We can a l so  combine equat ions 5, 7 and 7a to  give 

R/Ri = (1 - (l/i,p)dq/dx) . 

Equation 14 i s  the  b a s i c  equat ion r e l a t i n g  p o l a r i z a t i o n  t o  d i s t a n c e  into the elec- 
t rode .  We were not  a b l e  t o  f i n d  a genera l  a n a l y t i c a l  s o l u t i o n  t o  t h e  equation, 
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therefore ,  t h r  &quation was put i n t o  a form s u i t a b l e  f o r  numerical i n t e g r a t i o n ,  

For computational convenience i t  i s  he lp fu l  t o  def ine reduced values  of 9, 
b?>,&2x3 wu: 4" . . 

7 = q /b  (15) - 
(21) x = x/L (15a) 

I t  i s  a l s o  .convenient to d e f i n e  a maximum ohmic po la r i za t ion  A by 
4113 01 S! . 

A =  ̂ ILPL (16) 

A i s  the  maximum possible  ohmic loss through the  e l ec t rode  and is obtained under 
cond i t ions  where the r e a c t i o n  i s  completed i n  a d i f f e r e n t i a l  element a t  x = 0, 
so t h a t  a l l  t h e  ions support ing iL have t o  be t ransported from L t o  x = 0 (or  
x = 0 t o  L). This can only occur a t  very l a rge  t o t a l  po la r i za t ions .  Replacing 
Ri/Pi by y, q / b  by fj, and x/L by H, equat ion 14 goes t o  

AgaipLii t  i s  convenient t o  de f ine  a reduced A by 

d2q/dx2 = ( io / iL)  A[ ( l - ( l / A ) d 9 / d x ) ( e ~ e - ~ )  - (l+y)e-q] . 
%e%X&d&!j .%Adfcions.are 9 = qo a t  x = 0 and 9 = 

q 

a t  x = 1, where is  the  
I n t e g r a t -  p o l a r i z a t i o n  a t  ?fig r i g h t ' h a n d  f ace  o f  the  e l ec t rode  i n  mult iples  of b. 

ing(gqgat ion 1 7  once, 

auz2s%,7dq/dx aTXio&)[&,J. . (eq + ye-q -e-' - ye-')dx - J9 (e9 + ye-?dq 1 
q0 , - 3 r r r  - . a x  25 ir;lL?n..b J_: : . - . . ' lo 

= . ., ( i o / i i ) [ A ' J  (eq - e-q)dx - ( ( eq  - ye-q) - (e 90 - ye -'lo ) ) ]  .:?>:j 3s -.i'.(.T 1,'; - . , 

I f  ~ , g $  divided i n t o  M s m a l l  increments of Ax such t h a t  over any Ax, 71 is proport ion-  
a l  t o  x and AT/@ is a, cons t an t  w e  ge t ,  a t  the  N ' t h  increment, 

F,<.i i ~ . / i ~ ~ ~ & m ~ ~ o  A < (Ax /A~N)  [ (eqN + e-9N) - (eqN-' + e-%-')] 

3 mQzl b3::IL;..':.: - [ ( eqN - ye-',) - (eq0 - ye 
S ~ E  1 *xF:<jil t I ' 

Ir.)3363 5p.5 3 2 L ,  

(18) * 
A ~ N  i s  the  increase i n  po ia r i zac ion  over iiir X-1 to Xth  i-crcr.ezt. 
equa t ion  5, . 

Also 2 f r n m  

i/iL = (l/pk) dq/dx 

where q, x a r e  ac tua l  va lues .  Replacing, a s  before, q / b  wi th  7, x/L wi th  H 
i/i, = (b/piLL) dy/dG = (l/ii)dfi/dx . 

i/iL = (l/D) dq/dx . 
Dropping t h e  bars, 

Thus the  t o t a l  current  d e n s i t y  from t h e  e l ec t rode  i s  

i / i L  = ( l /A)  (dq/dx)x = (19) 
ua t ion  18 i s  progressively solved using a s u i t a b l e  
f 
t i o n  18 is solved by assigning a value of qo and gues- 
is  i s  s u b s t i t u t e d  i n t o  the  R.H.S. of equat ion 18, wi th  
u l a t e d .  

o r j  t he  c a l c u l a t i o n  is c o r r e c t  and may proceed t o  t h e  

p l o t t e d  versus  x. The value of dq/dx a t  x = 1 i s  

When it agrees  w i t h  the  s u b s t i t u t e d  value of 

u t a t i o n  of equat ion 18 i s  a v a i l a b l e  from the 
au tho r s .  
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next s tep .  The f i n a l  po lar iza t ion  i s  a t  x = 1, N = M, and the t o t a l  cur ren t  i s  
obtained from equation 19 .  T h i s  i s  repeated f o r  another value of q0 (which i s  
the  p o l a r i z a t i o n  a t  the  l e f t  hand face  of the  e lec t rode)  and o t h e r  values  of 11 
( a t  t h e  r i g h t  hand face)  and i/iL a r e  obtained.  By t h i s  means, the  complete 
range of qo, q and i/iL, from i/iL small t o  i/i, + 1 can be obtained.  
terms i n  e-q can be neglected when q,, i s  g r e a t e r  than 1, and equat ion 18 goes t o  

For y _< 1, 

1 1 
(20) 

A s  2 ( i o / i L ) b e  q0 [ m ( b / A % ) ( e q  N - e' ~ - 1 )  - (eqlN - 111 
where q1 i s  measured from qo, t h a t  i s ,  q = q1 + qo. 
rap id ly  computed. 
and 

This form can be f a i r l y  
When ( i o / i L ) ( b ) e q o A  is  small, t h e  f i n a l  va lue  of 'I1 i s  small 

dq/dx = ( i o / i L )  eqoAXaX(l + % - 1 - s-l) 
A'I 

= ( i o / i L )  e q o a  

= ( i o / i L ) i k  x ' l o  

Therefore, 

qk = ( io/ iL)eqoA i x  dx 

For t h i s  low cur ren t  condi t ion 

'70 
i/iL = (l/A)(dq/dx)x=l = ( l / A ) ( i o / i L ) e  A 

TO 
= ( i o / i L ) e  

This, of course, i s  a Tafe l  form. The equat ions t e l l  us tha t ,  f o r  an i r r e v e r s i b l e  
reac t ion  at  low current ,  t h e  addi t iona l  p o l a r i z a t i o n  q1 caused by ohmic loss i s  
one-half t h a t  expected i f  a l l  of the  cur ren t  flowed completely through the porous 
system, s ince,  from equat ion 2 1  

= ( i / iL)A/2  

This i s  reasonable, s ince,  under these condi t ions,  the  e l e c t r o d e  i s  reac t ing  u n i -  
formly throughout i t s  thickness  and the  mean d i s t a n c e  t h e  ions  have t o  pene t ra te  
i s  ha l f  the  thickness .  

Equation 20 p r e d i c t s  t h a t ,  f o r  i r r e v e r s i b l e  condi t ions,  the  shape of the  q 
versus  i / i L  curves w i l l  be the  same f o r  any io/iL value  ( f o r  a given A value, of 
course) but s h i f t e d  t o  higher o r  lower p o l a r i z a t i o n s .  
i s  the  c o n t r o l l i n  

This i s  because ( io/ iL)eqO 
parameter and w e  t h e r e f o r e  know t h a t  q1 is  t h e  same f o r  a given 

value of ( i o / i L ) e  si 0. Thus f o r  a given s e t  of q1 values  

where Aq12 represents  t h e  bodily s h i f t .  Then 

Aq12 = 2.3 l ~ g [ ( i ~ / i ~ ) ~ / ( i ~ / ~ ) ~ ]  

o r  
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Let  US now consider  t h e  l i m i t i n g  case where a c t i v a t i o n  p o l a r i z a t i o n  i s  
n e g l i g i b l e  and only concent ra t ion  and ohmic e f f e c t s  a r e  present .  
17, when ( io/ iL)A is  la rge ,  d%/dx2/( io/ iL)A tends t o  zero and w e  g e t  equat ion 
11. 
vol tage  gradien t  is present  o r  no t .  
g ive  a higher i/iL s i n c e  the  concent ra t ion  of r e a c t a n t  and product w i l l  change 
t o  keep match with t h e  vol tage :  
up t o  near t h e  l imi t ing  cur ren t ,  q i s  determined s o l e l y  by i / iL ,accord ing  t o  
equation 11. 
t h e  f i n a l  r e s u l t  w i l l  n o t .  

From equation 

Equation 11 thus r e p r e s e n t s  t h e  l i m i t i n g  case whether an i n t e r n a l  ohmic 
For a given qo, a la rger  ohmic e f f e c t  w i l l  

but s ince  qo i s  e s s e n t i a l l y  zero a t  a l l  c u r r e n t s  
' 

The p o s i t i o n  of r e a c t i o n  i n  the i n t e r i o r  w i l l  change wi th  A, but  

A t  intermediate condi t ions  where n e i t h e r  equat ion 20 nor equat ion 11 apply, 
equation 18 is tedious t o  compute. However, i f  y = 1 the  equat ion goes t o  

Tables of hyperbolic f u n c t i o n s  can then be used. 

RESULTS OF COMPUTATIONS 

I n  a previous r e p o r t  (ll), t h e  equat ions were solved by hand computation. 
They have s i n c e  been solved more accura te ly  on an IBM 7074 d i g i t a l  computer. The 
l a t e r  r e s u l t s  show a s l i g h t  change i n  the  values  of qo as  compared t o  the  former. 
Figure 3, 4 and 5 show the r e s u l t s  of computations of the f u l l  equation, allowing 
f o r  ohmic res i s tance .  (A va lue  of Ax = 1/20 was found to  be s a t i s f a c t o r y  over 
most of the  current  range.) To avoid confusion, t h e  17 ca lcu la ted  f o r  the  case  of 
no ohmic e f f e c t  i s  termed qs, the  p o l a r i z a t i o n  a t  t h e  en ter ing  face  i s  termed qo 
and the p o l a r i z a t i o n  of  p r a c t i c a l  importance, a t  t h e  e x i t  face, i s  termed q. 

The physical  p i c t u r e  of the  e f f e c t  of ohmic vol tage  gradien t  which emerges 
from the so lu t ion  of t h e  equat ions i s  as follows. The flowing e l e c t r o l y t e ,  w i t h  
a high concentrat ion of f u e l ,  e n t e r s  a t  one face  and, wi th  a s u i t a b l e  polar iza t ion ,  
i t  s t a r t s  t o  reac t .  The i o n i c  t r a n s f e r  through t h e  e l e c t r o l y t e ,  which maintains  
charge balance, gives r i s e  t o  an ohmic vol tage  g r a d i e n t .  This ohmic e f f e c t  i n -  
c reases  the  p o l a r i z a t i o n  a t  f u r t h e r  pene t ra t ion  i n t o  t h e  e lec t rode  and the r e a c t i o n  
r a t e  i s  increased.  Therefore, as t h e  f u e l  flows through the  e lec t rode ,  i t  i s  
consumed more and more rap id ly ,  which increases  the  cumulative ion  t r a n s f e r ,  which 
causes increased ohmic e f f e c t ,  which increases  the  r a t e  of consumption and so on. 
Thus for  a l a r g e  value of A ( t h e  index of ohmic e f f e c t )  the  r e a c t i o n  i s  concen- 
t r a t e d  towards the e x i t  face  of the  e lec t rode .  This is  shown i n  Figure 6 f o r  
A = 100 and cur ren ts  of  0.84 and 0.23 of the l i m i t i n g  cur ren t .  For t h e  la rger  
value, most of the r e a c t i o n  occurs  i n  the f i n a l  one-tenth of the e lec t rode .  For 
the  lower value, most of t h e  r e a c t i o n  occurs i n  t h e  f i n a l  th ree- ten ths .  An 
important e f f e c t  of t h i s  concent ra t ion  of the r e a c t i o n  i n  a zone towards the e x i t  
face  is t h a t  r a d i a l  mass t r a n s f e r  l i m i t a t i o n s  across  t h e  pore may come i n t o  p lay  
sooner than would be  expected i f  r e a c t i o n  were more uniformly d i s t r i b u t e d  through 
t h e  pore. 

Examining t h e  
curves f o r  io/iL = 10- 
This is a s  expected, because t h e  ohmic vol tage  gradien t  i n  the  e l e c t r o d e  speeds up 
t h e  r e a c t i o n  toward the  e x i t  face,  therefore ,  t h e  i n i t i a l  a c t i v a t i o n  p o l a r i z a t i o n  
q , has t o  be l e s s  t o  g ive  a c e r t a i n  i/i, value.  As predic ted  by equat ions 22 and 
13a, the qo value a t  low c u r r e n t  dens i ty  (but  r e a c t i o n  s t i l l  i r r e v e r s i b l e )  approaches 
q , both being given by a Tafe l  form. I f  t h i s  cur ren t  
ffowed completely from t h e  l e f t  hand face of the  e lec t rode ,  the ohmic drop would be 
( i / i L ) p L i L  = ( i / iL)A = (0 .1)(10b) .  
poss ib le  q-qo, as pred ic ted  previously by equat ion 21. 

The curves i n  F i  u re  3 a r e  ca lcu la ted  f o r  a A/b value of 10. s i t  is seen t h a t  qo and 11 l i e  on e i t h e r  s i d e  of the curve.  

A t  i / i L  = 0.1, q-qo 2 1/2b.  

Thus the a c t u a l  q-qo i s  one-half the  maximum 
Over m o s t  of the  cur ren t  
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densi ty  range of importance, i/i from 0.2 t o  0.95 f o r  ebample, t h e  d i f fe rence  
between q and qs i s  less than l/b of the  maximum poss ib le  ohmic e f f e c t .  
t h i s  i s  reasonable, because the  increase i n  polar iza t ion  from ent rance  t o  e x i t  
i n  the e lec t rode  causes t h e  reac t ion  to  proceed f a s t e r  towards t h e  e x i t .  There- 
fore ,  the  mean d i s t a n c e  which the current  carrying ions have t o  t r a v e r s e  is 
s t rongly  weighted t o  be near  t h e  e x i t  face, giving a r e l a t i v e l y  small ohmic drop. 
Of course, as  the  l i m i t i n g  cur ren t  i s  approached very c lose ly ,  a l l  of the  r e a c t i o n  
occurs towards t h e  en t race  face  giving the complete ohmic drop. This  condi t ion i s  
only reached as  the  p o l a r i z a t i o n  becomes very la rge .  

Figure 2 a r e  of value s ince  they predic t  the main f e a t u r e s  of the  process .  The 
ohmic e f f e c t  i s  a secondary e f f e c t .  Both Figures  2 and 3 show t h a t  a decrease i n  
the bas ic  parameter io/ib causes a bodily s h i f t  of the curves, wi th  no d i f fe rence  
i n  shape. Considering Figure 2, i t  can be seen tha t ,  as expected, decrease of 
i o / i L  by a f a c t o r  of 10 bodily s h i f t s  the polar iza t ion  curve down by 2.3b v o l t s .  
(The 2.3 a r i s e s  because b is  R T / m l F ,  whereas the  normal Tafel  c o e f f i c i e n t  i s  
2.3RT/anlF.) 
about 0.12 v o l t s ,  and f o r  a two e l e c t r o n  process, 0.06 v o l t s .  

is  a pure concentrat ion p o l a r i z a t i o n  curve and appl ies  f o r  a l l  va lues  of io/iL 
above about 1 o r  2. The r e a c t i o n  i s  e s s e n t i a l l y  r e v e r s i b l e  a t  a l l  f r a c t i o n a l  
cur ren t  densi t ies*.  For the  more polarized, i r r e v e r s i b l e  curves, y has  no s i g n i f i -  
cance, but i t  has a l a r g e  e f f e c t  f o r  the r e v e r s i b l e  case. 

f o r  A/b = 0, 10, 20, 50 and 100. This covers most of the  range l i k e l y  to be 
encountered f o r  e lec t rodes  of reasonable porosi ty  and s t rongly  conducting e l e c t r o -  
l y t e s .  Figure 5 shows the  p o l a r i z a t i o n  f o r  a one e l e c t r o n  r a t e  c o n t r o l l i n g  s t e p  
a t  room temperature where the normal Tafel  c o e f f i c i e n t  would be 0.12 v o l t s .  For 
a given l imi t ing  cur ren t  (given by the flow r a t e  and concent ra t ion  of r e a c t a n t ) ,  
the  important parameters a r e  the  e f f e c t i v e  exchange cur ren t  To, t h e  e f f e c t i v e  
ohmic r e s i s t a n c e  of the  e l e c t r o l y t e  i n  t h e  pores and ml, determined p r i n c i p a l l y  
by the  number of e l e c t r o n s  t r a n s f e r r e d  i n  the  r a t e  c o n t r o l l i n g  s t e p .  The ohmic 
e f f e c t ,  represented by A, does not give a l i n e a r  e f f e c t  on t h e  p o l a r i z a t i o n .  For 
example, i n  going from A/b = 10 to  A/b = 50, the  d i f fe rence  between and qs over 
the  p r a c t i c a l  range i s  not increased 5 times, b u t  l e s s  than 5 t i m e s .  Again, t h i s  
i s  t o  be expected s ince  the  higher  ohmic vol tage gradien t  forces  t h e  r e a c t i o n  t o  
occur a t  nearer  t h e  e x i t  face .  

Again, 

We can see, therefore ,  t h a t  the simpler a n a l y t i c a l  equat ions leading t o  

For a one e l e c t r o n  process a t  room temperature the  s h i f t  would be 

I n  Figure 2, the  uppermost curve represents  equat ion 11 wi th  y = 1.- This 

The e f f e c t  of change of A is  shown i n  Figure 4.  The r e s u l t s  were computed 

Figure 7 shows the  r e s u l t s  p l o t t e d  f o r  l imi t ing  c u r r e n t s  i n  t h e  r a t i o s  1:2:5, 
but wi th  the same io. This would correspond to  a given e lec t rode  and f u e l  a t  d i f -  
f e r e n t  flow r a t e s .  
vary as  the  inverse  of the  r a t i o .  Figure 7 shows t h a t  t h e  i n i t i a l  por t ions  of the 
curves a r e  almost i d e n t i c a l .  The f igure  may be compared wi th  the  experimental 
r e s u l t s  given l a t e r .  

DATA FROM THE LITERATURE 

Note t h a t  A/b w i l l  vary i n  t h e  same r a t i o ,  whi le  To/iL w i l l  

The theory discussed above w a s  f i r s t  t e s t e d  on two s e t s  of experimental 
r e s u l t s  taken from the  l i t e r a t u r e .  The f i r s t  s e t  (9) is  shown i n  Table  1. The 
r e s u l t s  f o r  iL = 80 m amps/cm2 a r e  p l o t t e d  i n  Figure 8.  
5 i t  can be seen t h a t  i o / i L  = 
t h a t  approximately f i t  the  experimental r e s u l t s .  The test of these  va lues  is 
whether they w i l l  accura te ly  pred ic t  the  polar iza t ion  a t  the  o t h e r  l i m i t i n g  cur ren t  

* It should be noted, however, t h a t  exp(q/b) cannot be s e t  equal  t o  1 + q / b  over 
a l l  the  range, because, although revers ib le ,  s t rong  concent ra t ion  p o l a r i z a t i o n  
e x i s t s .  

Comparing wi th  Figure 
A/b = 20, anl = 1/2 ,  i s  one set of condi t ions 
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TABLE I 

2+ 4+ Polarization versus current for anodic reaction of Sn /Sn 
in a flow-through electrode of porous carbon (9) 

2+ 
4+ 

Thickness of electrode 
Feed concentration of Sn 
Feed concentration of Sn 
E lec t roly t e 
Temperature 
Area of electrode 

1 :  
180 
200 

Expt A 

L i 

ma/cm2 

ao 

Flow 
0.96 

ml Imin 

rl 
volts 

0.17 
0.23 

0.27 
0.31 

0.34 
0.38 
0.42 

B 

150 

Flow 
1.80 

ml /min 

0.265 
0.29 

0.315 

0.34 

0.37 

0.39 
0.41 

I *  
U .-Pa 

0.46 

0.50 

0.65 

L i 

400 

Flow 
4.92 

ml /min 

C 

0.30 

0.34 

0.37 

n . 4 1  

0.43 
0 . 4 6  

0.48 
0.51 

0.53 

' I  

1 
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densities. 
10-3, and A/b = (150/80) 20 = 38. 
A/b = 100. Figures 8a, 8b, 8c compare the predicted with the experimental 
values. 
were obtained by visual comparison and are thus only estimations, the agreement 
between predicted and experimental results is good. 
predicted values of qs, the activation-concentration polarization without ohmic 
effects. 

Thus, for iL = 150 m amps/cm2 io/iL must be (80/150) = (5.3) 
For iL = 400 m amps/cm2, io/iL = (2) 10-3, 

= 112 

Figure 8c also shows the 

Bearing in mind that the values of io/iL = 10-2, A/b = 20, 

If the value of A/b is 20 at iL = 80 m amps/sq cm then the effective 

A = iL Lp = 20b, p = (20)(0.052)/(0.08)(0.4) ohm cm = 32.5 ohm cm. 
specific resistance p is given by 

The concentrated solutions used (6N HC1) should have a resistivity of about 2 
therefore 

p’  = p(E/q) y 2 or  E/q = 2/(32.5) = 1/16. 
This value appears to be lower than the optimum, since we would expect E / q  to be 
about 1/5 for normal porosities and tortuosity coefficients. 
factor of 5 and a porosity of about 3077 would give the required E/q value, and 
tortuosity factors up to 5 or even much higher are often found in compacted bodies 
(10). Such high tortuosity factors can sometimes be lowered to more normal values 
of aboutfi by burning out the carbon to remove constrictions and blockages in 
the structure. 

The interesting question now arises as to why om1 = 1/2 gives reasonable 
values, when the over-all process is a two electron process. 
to 1, b is 0.026. 
concentration effects at any given i/iL is very much reduced and more of the actual 
polarization must be ascribed to ohmic loss. The values of A/b (and hence q/E) 
become much greater; the values of io and A obtained using one set of experimental 
results do not give predictions which fit the other two sets of experiment results. 
There is strong evidence, therefore, that the Sn2+ --f Sn4+ reaction has a one 
electron rate controlling step. 

However, a tortuosity 

If anl is set equal 
This means that the predicted polarization due to activation - 

An explanation for this has been given by Vetter 
(12). 

Ko/iL for a limiting current of 80 m amps/sq cm is 
exchange current for the carbon electrode is 0.80 m amps/sq cm. 
ness of electrode is 0.4 cms, the exchange current per cubic cm of electrode is 
2 m amps. As the internal area of the carbon electrode is now known it is not 
possible to convert this figure to a true exchange current per unit area. It must 
be recognized that the absence of data on ‘Io values makes the treatment somewhat 
conjectural . 

The second set of experimental results obtained from the literature are those 
of Perskaya and Zaidenman (8). 
as equation 14, but they solved it (analytically) only for a short range of current 
density, for low polarization conditions. 
be of much use. They used 
a 1 mm thick disc of 
studied was Fe2+ -tFegf, at equal inlet concentrations of 0.005 N in 1 N H2SO4. 
Figure 9 shows their results in terms of 11 versus i/iL, for a limiting current of 
about 180 m amps/sq cm. These results may be compared to the shape of the q, Q 
curves computed for io/iL = 0.5 and A/b = 5, also shown’ in Figure 9 (if anl is 
112, the scales of the two figures are identical). The two curves have a strong 
resemblance and adjustment of ani, io/iL and A/b could no doubt be made to bring 
the values into better correspondence. The ‘lo values, however, appear to be too 
different to correct by such an adjustment, since the experimental values approach 
the limiting current more gradually than predicted. This may be due to assumption 

therefore, the 
Since the thick- 

These authors give essentially the same equation 

The analytical form is too complex to 
In one experiment, however, they measured r), and q. 

orous platinum prepared from platinum powder and the reaction 
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i v  being f a l s e  near the  l i m i t i n g  cu r ren t ,  (see sec t ion  on Second Limit ing Cur ren t ) .  

Assuming the va lues  o f  To/iL t o  be about 0 .5  fo r  the  experimental  r e s u l t s ,  
the  exchange current  per u n i t  volume of e l ec t rode  i s  about 0.9 amps/cm3. 
(13) gives  the exchange c u r r e n t  f o r  t h i s  r e a c t i o n  as 6 m amps/sq cm (with a cathodic  
oml value of 0.58, which suggests  an anodic ml of 0.42) on platinum, a t  0.015 N 
i n  2N H2SO4. Assuming t h e  same exchange cu r ren t  app l i e s  here and co r rec t ing  f o r  
t he  d i f f e rence  i n  concentrat ion,  the e f f e c t i v e  s p e c i f i c  a rea  of the e l e c t r o d e  would 
be (0.9/2)(1000) = 450 sq c m  p e r  cm3, which i s  a reasonable f igu re .  Assuming A/b 
t o  be about 5, b about 0.052 vo l t s ,  then f o r  iL = 185 m amps/sq cm, p i s  equal  t o  
14 ohm. cm. The s p e c i f i c  r e s i s t a n c e  of 1 N H2S04 is about 2.6 ohm. cm, t he re fo re  

Parsons 

q /€  = p/p1 2 5.3 

5 .3  is  a very reasonable va lue  s i n c e  an e l ec t rode  o f ,  f o r  example, 30% poros i ty  
with a to r tuos i ty  f a c t o r  of fi would g ive  q/E = 4.7. 
EXPERIMENTAL RESULTS 

The r e s u l t s  r epor t ed  he re  have been only r ecen t ly  obtained and i n s u f f i c i e n t  
work has been done t o  p re sen t  a complete p i c tu re .  However, some i n t e r e s t i n g  r e s u l t s  
on half  cells can be r epor t ed  which show the  l i m i t s  of t h e  range of a p p l i c a t i o n  of 
the  theory presented above. The d a t a  has been obtained using a ga lvanos ta t i c  tech-  
nique, with a porous e l ec t rode  mounted i n  a l u c i t e  holder ( the  c i r c u i t  and apparatus 
w i l l  be described i n  a la ter  r e p o r t ) .  

To t e s t  whether the theory could explain,  i n  a q u a l i t a t i v e  manner, r e s u l t s  
f o r  dissolved fue ls  such as  methanol, a porous e l ec t rode  made of platinum black 
w a s  used. The use o f  t h i s  c a t a l y t i c  ma te r i a l  made i t  possible  t o  reach the  
l imi t ing  cu r ren t s  a t  vo l t ages  be fo re  t h e  oxygen evolut ion p o t e n t i a l .  A known 
weight of platinum black was compressed between two 80 mesh screens of  b r igh t  
platinum. For the t h i c k e r  e l e c t r o d e s  made with a g r e a t e r  weight o f  platinum 
black, a t h i r d  screen w a s  used i n  the  cen t r e  of t he  electrode.  The e l e c t r o d e  w a s  
clamped i n  a l u c i t e  holder t o  g i v e  compression of  t he  powder. The ohmic r e s i s t a n c e  
through the  e l ec t rode  m a t e r i a l  was found t o  be n e g l i g i b l e .  A f r i t t e d  g l a s s  d i s c  
w a s  used a t  the  entrance f a c e  o f  t he  e l ec t rode  t o  provide a r i g i d  backing and t o  
ensure even flow d i s t r i b u t i o n .  A counter e l ec t rode  of platinum screen was mounted 
i n  the  l u c i t e  tube, i n  l i n e  w i t h  the porous e l ec t rode .  The c e l l  w a s  run v e r t i c a l -  
ly, w i th  the  r eac t an t  d i s so lved  i n  t h e  e l e c t r o l y t e  en te r ing  a t  the bottom, flowing 

e l ec t rode  ( a t  which hydrogen w a s  evolved) and ou t  t o  a c o l l e c t e r  f o r  flow rate  
measurement. Evolved gases  were taken o f f  from the  top of the c e l l .  The vol tage 
between the  e l ec t rode  and t h e  e n t e r i n g  e l e c t r o l y t e  was measured versus  a s a t u r a t e d  
calomel e l ec t rode .  
measured, versus  the  s a t u r a t e d  calomel e lectrode,  by ex t r apo la t ion  t o  the  e l ec tode  
f ace  of measurements a t  two known pos i t i ons  downstream. 

+ h w e . . " h  ch- F- lcc-r l  "-2 *La - ? - - 2  L1- -1 .  -?-*L-->- -L- - L _ _  -..--..p. -..- LL*&-.-.. U I C l C  Y L L U  C L I S  y l a L I L L U L L 1  Y l a G R  SLSLLLVUS,  "F ya*L L L L C  L " " . L L S *  - 

The e l e c t r o d e - e l e c t r o l y t e  vo l t age  a t  the  exi t  f ace  was a l s o  

Blank measurements made wi thou t  a dissolved r e a c t a n t  showed n e g l i g i b l e  cu r -  
r e n t  d e n s i t i e s  between hydrogen evolut ion p o t e n t i a l s  and oxygen evolut ion p o t e n t i a l s  
Some typ ica l  r e s u l t s  using d i s so lved  f u e l  a r e  shown i n  Figures  10 t o  13. A l l  tes ts  
were made a t  room temperature.  
t he  s o l i d  l i n e s  the e x i t  vol tage,  where the  l a t t e r  i s  t h e  curve which shows the  
f u l l  vo l t age  loss a t  the  e l e c t r o d e  ( s e e  l a t e r  discussion of Figure 15) .  I n  general  
the curves were very s t a b l e  and providing t h e  vo l t age  w a s  not taken too  near t o  
oxygen evolution, it was usua l ly  poss ib l e  t o  go up and down the  curve w i t h  n e g l i g i -  
b l e  h y s t e r e s i s .  

The broken l i n e s  represent  the i n l e t  vo l t age  and 

It i s  obvious t h a t  t h e  r e s u l t s  f o r  t h i s  type of e l ec t rode  cannot be completely 
explained by the simple theory developed previously.  
c u r r e n t s  obtained a t  the  l a r g e r  flow rates  were less than those expected from the  

I n  general ,  the l i m i t i n g  

amount of  r eac t an t  being fo rced  through t h e  e l ec t rode .  A discussion of t h e  reasons 
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for this apparent anomaly is given in the next section. 

SECOND LIMITING CURRENT 

A study of the results in Figures 10 and 11 show that zt l ow rates of flow, 
the limiting current obtained was higher than the expected value. This is partly 
due to external back diffusion of unreacted fuel present in the exit volume of 
the cell. In time, the flow of fuel-depleted electrolyte will flush out the exit 
compartment, but at low rates of flow this is a slow process. In later tests on 
a slow flow rate we kept an electrode near the limiting current for over an hour 
and a slow drift of the limiting current to the expected value was observed. 
(This was a tedious process since it required constant adjustment of the current 
to prevent the potential going to oxygen evolution.) 
volume was negligible due to the sintered glass disc at the entrance, and back 
diffusion could have been greatly decreased by using another disc at the electrode 
exit. However, this could have prevented the use of a simple extrapolation method 
to obtain the exit face polarization. At higher flow rates and limiting currents, 
the back diffusion is proportionately less and the flushing of the exit dead space 
proportionately faster. 
back diffusion effect was almost negligible. 

Diffusion from the entrance 

It was found that at a flow rate of about 0.4 cm/min the 

Figures 10 and 11 also show that at high flow rates the limiting current is 
less than that expected. There are at least three possible reasons for this. 
Firstly, radial mass transport hindrance across the pores of the electrode might 
be significant. 
limiting, in which case a chemisorption limiting current is obtained when the 
fractional surface coverage 0 tends t o  zero all over the electrode (7 ) .  Thirdly, 
the electrochemical discharge may be preceded by a dissociation in the bulk of 
the pore electrolyte and the limiting current would then be determined by a 
limiting rate of the predissociation. 

can be solved with sufficient accuracy by considering the mass transfer analogy to 
radial heat transfer in laminar flow systems. The solution for laminar flow, for 
a fixed concentration at the wall and for fully developed velocity and concentration 
profiles, is given by (14) 

Nu = M/k = 3.66 

Secondly, the rate of chemisorption of the fuel might be rate 

Considering the first possibility, that of radial mass transport, the problem 

rate per unit area = h(F$,, - G) (23) 
D is the pore diameter; k is the mass transfer coefficient, which is the diffusion 
coefficient of the reactant in this case; Rm is the mass flow mean concentration 
of reactant and R, is the concentration at the wall of the pore. The assumption 
of negligible entrance effects, and fully developed flow, is probably reasonably 
good because of the very low Reynold's numbers of flow in fine pores. 
current is clearly reached when \ = 0 at all points along the wall of the pore. 
Let A be the specific geometric aregof the walls of pores, in cm2 of area per 
cm3 of electrode (note that A does not necessarily equal S). 
current density in an element dx at the condition where Q = 0 is 

A limiting 

Then the differential 

di = nF 3.66(k/D)ARmdx (24) 
At the 'same time 

di = nFv dR 

i = nFV(Ri-Rm) 

Therefore, 



Rm = (iL1 - i)/nFv 
L L2 and i 

(l/(iL1 - i))di = 3.66(Ak/Dv) dx 
0 n 

(25) -3.66 (AkL /vD) or 
iL2/k1 = 1 - e 

Thus the ratio of the observed limiting current iL2 to that of the expected 
limiting current k1 is given by equation 25, where A/D is an unknown factor. 
estimate of the ratio of limiting currents can be made by taking L as 0.1 cm, 
k as 10-5 cm2/sec, v as 1 cm/sec, A as 500 cm2/cm3 and D as 10 microns. 
exponent of the exponential term is then approximately -20 and the radial mass 
transport effect would be negligible. However, a 10 fold decrease in the magni- 
tude of exponent, given for example by A = 250 cm2/cm3 and D = 50 microns, would 
give a significant effect. 

analyzed by assuming that the limiting rate of chemisorption is given by, 

An 

The 

The second possibility, that of a chemisorption rate limitation can be 

rate per unit area = klR, gm moles/cm2sec. (26) 
This follows from a chemisorption rate equation when 8 +0, 1 - 8 + 1. 
rate constant. 

kl is the 
Equation 24 is now replaced by 

di = nFklSR dx. 

The treatment then follows as before giving 
- ( S  k 1L /v) iL2/iL1 = 1 - e 

The third possibility, of a dissociation before discharge, is similarly 
handled by assuming a dissociation rate of 

rate per unit volume = k2R 
A limiting rate is obtained when the reaction is irreversible and the product of 
reaction is removed, by electrochemical reaction, as fast as it is formed. Then 
the differential current density is given by 

di = nFk2RE dx 

and. as before. , -  

Thus the three possibilities all give rise to a form 

(30) i ~ 2 / i ~ ~  = 1 - e-(JL/v> 
where the exponent includes L/v in all cases, but J has a different physical 
meaning for the different cases. 

If equation 27 or 29 applied it might be expected that different fuels would 
give different values of  J, whereas if equation 25, that for radial mass transport, 
applied then J would be nearly constant for different fuels. 

DISCUSSION OF RESULTS 

Table 2 shows the value of J calculated for a number of different tests. L 

For methanol and potassium 
was determined from the weight of platinum black used in constructing the electrode, 
from the relation 100 mg per cm2 % 1 mm of thickness. 
formate the value of J was approximately constant, with a mean value of 4.8. 
it is considered that the electrodes are pressed powder and can vary between one 
pressing and another, it must be concluded that J is constant within the reproduci- 
bility of the system. No significant difference was present between methanol in 
acid or methanol in alkali, or between these and potassium formate in alkali. This 

When 
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i s  evidence t h a t  the  e f f e c t  is one of r a d i a l  mass t r a n s f e r .  However, the r e s u l t s  
from hydrazine (see below) suggest  t h a t  i f  r a d i a l  mass hindrance i s  present  then 
gas  evolut ion reduces this  e f f e c t .  Gas evolut ion w a s  observed wi th  methanol i n  
ac id  e l e c t r o l y t e .  For potassium borohydride and hydrazine, on the  o ther  hand, J 
was again reasonably cons tan t  but  with a mean value of 35. Bigger J means l e s s  
departure  from the  expected l i m i t i n g  cur ren t  and would be due to  an increased mass 
t ranspor t  fac tor ,  increased r a t e  of chemisorption o r  increased r a t e  of pred issoc i -  
a t i o n .  The hydrazine r e a c t i o n  is;  

N2H4 + 40H' --t N 2  + 4H20 + 4e 

Vigorous gas evolut ion from t h e  t e s t  e lec t rode  w a s  observed. Thus f o r  t h i s  type of 
e lectrode,  t h e  ni t rogen evolved w i t h i n  the  e lec t rode  may increase  the  e f f e c t i v e  
r a d i a l  mass t ranspor t  f a c t o r ;  i t  does not appear t o  blo.ck the e lec t rode .  A block- 
age of the  electrode by t rapped gas  bubbles would be expected t o  reduce t h e  e f -  
f e c t i v e  i n t e r n a l  a rea  of t h e  e lec t rode ,  leading t o  higher p o l a r i z a t i o n  and a 
reduct ion i n  J. Blockage does not  seem t o  occur and the  reason may be t h a t  s ince  
reac t ion  i s  concentrated towards the  e x i t  face, the small bubbles produced by t h e  
r e a c t i o n  may reach t h e  e x i t  face, by v e r t i c a l  t rave l ,  before they grow very la rge .  

Decomposition of t h e  borohydride t o  produce H2 was noted a t  open c i r c u i t  
condi t ions .  Therefore, some p r i o r  decomposition reac t ion  may be postulated,  

BHI  + 2H20 -+ P t  B02' + 4H2 . 
However, t h e  released hydrogen w a s  r e a d i l y  used when appreciable  c u r r e n t s  were 
drawn, giving an o v e r - a l l  r e a c t i o n ,  

B H ~ '  + 8 OH' 4 B O 2 '  + 6H20 + 8e . 
Certainly,  some of t h e  hydrogen re leased  to  the sur face  from the  borohydride w i l l  
never be re leased  as gas  under load, s ince  sur face  hydrogen w i l l  be discharged 
electrochemical ly .  However, i t  i s  poss ib le  t h a t  enough is  re leased  and l a t e r  
reused t o  cause increased r a d i a l  mass t ranspor t ,  comparable t o  t h a t  observed by 
hydrazine. 

The ana lys i s  of J f a c t o r s  given above show tha t ,  a t  l e a s t  f o r  the  platinum 
powder e lectrode,  the  assumption of a n e g l i g i b l e  r a d i a l  mass t r a n s f e r  e f f e c t  may 
not  be v a l i d .  
Although we have not completed the  inc lus ion  of these  e f f e c t s  i n  a more compre- 
hensive Lreacmenc, i c  is reasonabie  co suppose char: che voi tage-current  curves w l i i  
f i t  i n t o  t h r e e  ca tegor ies .  Case 1 would be where JL/v i s  large,  the  i n t e r f e r i n g  
e f f e c t  i s  small and the curves correspond to  the  bas ic  theory. 
r a t e  cont ro l l ing  s t e p  a t  room temperature, t h e  vol tage change between i/iL = 0.1 
and i/i, = 0.9, f o r  the  c e n t e r  of the  qo, T) band, i s  about 0.15 v o l t s .  Case 2 
would be f o r  a moderate va lue  of JL/v, such t h a t  iL2  % iLl, b u t  a considerable  
e f f e c t  on the  shape of  t h e  curve is  present .  The e f f e c t  w i l l  be t o  increase  the  
general  s lope of the vol tage-cur ren t  curves, espec ia l ly  near t h e  l i m i t i n g  cur ren t .  
Case 3 i s  f o r  a small va lue  of JL/v ,  which gives  a g r e a t l y  reduced l i m i t i n g  cur ren t .  
A t  low cur ren ts  the  curves w i l l  be near ly  the same, b u t  t h e  g r e a t e r  the  e f f e c t  of 
JL/v then the more gradual ly  w i l l  the  curves approach the l i m i t i n g  cur ren t ,  the  
s lopes w i l l  be grea te r ,  and t h e  sharp bend-over near the  l imi t ing  cur ren t  f o r  the 
qo l i n e  w i l l  be replaced by a gradual  approach. 
Figure 11, t h e  r e s u l t s  f o r  potassium formate, where the  general  s lope of the  
curves i s  g r e a t e r  than expected, even when the  l imi t ing  current  i s  c l o s e  t o  the  
t h e o r e t i c a l  value.  Figure 10, the  r e s u l t s  f o r  methanol i n  basic  so lu t ion ,  a l s o  
shows t h i s  general behaviour but  t h e  increase  i n  s lope i s  g r e a t e r  than f o r  the 
formate case.  
involved. 
oxidized than methanol o r  formate, therefore  the  o v e r - a l l  methanol curve is  composed 

Al te rna t ive ly ,  a slow chemisorption o r  d i s s o c i a t i o n  may be present .  

For a one e l e c t r o n  

Case 2 behaviour can be seen i n  

This i s  almost c e r t a i n l y  due t o  two s t e p s  of comparable r a t e  being 
Other r e s u l t s  w e  have obtained show t h a t  formaldehyde i s  more rap id ly  
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of, 
carbonate. S Low methanol ‘Low formaldehyde fYt formate 

If the formate oxidation were much slower than the methanol, two waves in the 
voltage-current plot would be observed. However, since they are of comparable 
rate, methanol is reacted to give appreciable concentrations of formate in the 
electrode, which then further reacts as the voltage increases. 
fuze into one long curve. 

hydride reactions are less influenced by the effect. 
that results for a high value of L/v for these systems may approach the expected 
values for the simple theory. 
since back diffusion then becomes appreciable.) Figure 14 shows a comparison of 
experimental results with computed results for hydrazine, assuming a value of A/b 
of 10, an = 1/2, and a value of To/iL of 10-3, based on a theoretical open circuit 
potential of 1.40 volts (v. saturated calomel). The values were selected from the 
difference in entrance and exit polarizations and from the position of the curves 
along the voltage scale. 
are in fair agreement with theory up to values of i/iL of about 0.7, after which 
they show steeper slopes and a less abrupt change to the limiting current. 
the J factor effect comes into play at the higher current densities, in the expect- 
ed manner. The observed open circuit potential is considerably more positive than 
theoretical but this is to be expected since, as the voltage is past the hydrogen 
evolution potential, a mixed potential will result. 
manner as before gives a value of about 1/9, which is reasonable. 

The results shown in Figures 10 to 13 were deliberately taken at low concen- 
trations and flow rates, so that the limiting currents could be reached without 
heating effects. 
the limiting current densities became so great that heating occurred on the passage 
of the electrolyte through the electrode. 
to obtain current densities of two or three amps/cm2 at voltages well below the 
point of oxygen evolution but, in the design of cell used, the ohmic heating at this 
high current caused instability due t o  boiling of the electrolyte. 

fuel and oxidant is illustrated in Figure 15. 
between the electrode potential at a and the electrolyte at b, at ideal zero cur- 
rent conditions. 
these conditions. Under load, eb is the loss of voltage, qol, due to initial 
activation polarization on the fuel electrode, while q1 is the total polarization 
through the electrode. 
the free electrolyte, gh being that across a separator. 
cathode voltage curve to gef for the anode. 
v = Eo - (q1 + qr + rl2). 
values versus current density for the given fuels. 

The two waves 

The analysis of J factors given above indicate that the hydrazine and boro- 
Therefore, it is possible 

(It is not possible to use too low flow rates, 

It can be seen that the shapes of the experimental curves 

Thus, 

Calculation of E/q in the same 

At concentrations of several moles/litre, and high flow rates, 

Under these conditions it was possible 

The voltage in a fuel cell consisting of two flow-through electrodes using 
Line ab represents the voltage change 

cd is the voltage change from the electrolyte to the cathode under 

The line fghi represents the ohmic voltage gradients through 
ijk is the equivalent 

The terminal voltage is now V, where 
The results presented in Figures 10 to 13 show only 111 

CONCLUSIONS 
The theory developed for the combined effects of activation, concentration 

and ohmic polarization at porous flow-through electrodes is likely to apply for 
simple redox systems and electrodes of small pore diameter. In studies of this kind 
of electrode it is essential to make measurements of entering and exit voltage in 
order to obtain a complete picture of the process. Results using methanol, formalde- 
hyde, potassium formate, hydrazine and sodium hydroboride at non-consolidated electro 
des of platinum black show that further factors are involved. These factors may 
include more complex forms of the electrochemical discharge equation, involving a 
bulk predissociation or chemisorption step, or a radial mass transfer hindrance. 



.64 

potassium borohydride could b e  completely u t i l i z e d  giving e igh t  e l ec t rons  per mole- 
c u l e  and hydrazine could be u t i l i z e d  t o  N2, g iving four e l ec t rons  per molecule. 
evo lu t ion  of gas  d id  no t  hinder  t h e  performance of t he  e l ec t rode .  
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